Three plant-growth retardants 2'-isopropyl-4'-(trimethylammonium chloride) -5-methylphenylpiperidine carboxylate (Amo 1618), /-chloroethyltrimethylammonium chloride, and tributyl-2, 4-dichlorobenzylphosphonium chloride were tested for their effects on sterol production in, and growth of tobacco (Nicotiana tabacum) seedlings. As the concentration of each retardant increased, there was an increased inhibition of the incorporation of DL-2-'4C-mevalonic acid into sterol (particularly desmethylsterol) lings that the two-step cyclization reaction leading to kaurene formation was inhibited.
Some 25 years have elapsed since the first effects of what have been called growth retardants were reported (23) . The number of chemically rather diverse compounds, and their effects, has expanded considerably, but the most widely investigated retardants (Amo 1618,3 CCC, Phosfon D, and B-995) are known primarily for their "dwarfing" effects.
The fact that the decreased rate of stem growth induced by the retardants frequently could be overcome by exogenous GA3 suggested that in higher plants (11, 16) , the predominant action was an inhibition of gibberellin biosynthesis. West and co-workers (4, 19) provided the only definitive evidence for this by demonstrating, with cell-free preparations from Echinocytosis macrocarpa endosperm and Ricinus corninunzis seed- lings that the two-step cyclization reaction leading to kaurene formation was inhibited.
The similarity in biosynthetic sequence between sterols and gibberellins (1) , and the fact that cell-free rat liver preparations could convert acetate to cholesterol, prompted Paleg and colleagues (14, 17, 18) to examine the effects of growth retardants on cell-free rat liver cholesterol biosynthesis. The work indicated that all of the retardants examined, inhibited isoprenoid biosynthesis at more than one point in the cholesterol pathway, and that the different retardants inhibited the latter stages of the sequence at different points (14) . Amo 1618, in particular, was a potent inhibitor of rat liver squalene-2,3-epoxide cyclase, causing an accumulation of the substrate (unpublished information), and similar results were obtained subsequently with rootless seedlings of tobacco (5) . These findings demonstrated, by analogy, that retardants indeed had the capacity to inhibit isoprenoid, and hence gibberellin biosynthesis, but raised the question of the possible involvement of sterol biosynthesis as a direct or indirect requirement for plant growth.
The majority of available evidence, which indicated that retardants exerted an effect on gibberellin biosynthesis, has been accepted widely by plant physiologists and led to the concept that the action of some retardants, especially Amo 1618 and CCC, is limited to one single step in the gibberellin biosynthetic pathway (11) . The thrust of this hypothesis depends in large measure on the correlation between the retardant's effect on growth and its reversal by applied gibberellin, and culminated recently in the statement that "The two effects can be related causally only if the (retardant) effect on growth can be overcome completely by applied GA." (11) . The When whole seedlings were examined for the incorporation of DL-2-14C-MVA into sterols, 2 ,uCi "4C-mevalonate was applied to the apex when they were 21 days old. Seedlings were removed from the pots 24 hr after application of the mevalonate and, after the roots were washed thoroughly, the plants were dried, weighed, and examined for radioactive sterols as described above. Plants grown under higher light intensity were maintained at 2000 ft-c, 20 C, and those treated under lower light intensity were placed under constant fluorescent illumination at 300 ft-c, 23 Fig. 1 ). Conversely, incorporation of radioactivity into squalene-2,3-epoxide increased as the concentrations of retardant increased (on both an absolute and a per g fresh weight basis), whereas the biosynthesis of squalene was apparently unaffected by the treatment. These results are in accord with those published earlier, although inhibition of incorporation into 4-methyl-and 4, 4'-dimethylsterols was previously Identification of squalene-2,3-epoxide was reconfirmed by co-chromatography of the compound on thin layer Silica Gel G plates (25% ethylacetate in hexane and 5% ethylacetate in hexane) followed by GLC with authentic squalene-2, 3-epoxide and authentic 14C-squalene-2,3-epoxide (Fig. 2) . There seems little doubt that Amo 1618 effectively inhibits squalene-2,3-epoxide cyclase activity of tobacco seedlings, as it does in rat livers. (Further data on this point from experiments with cellfree preparations from tobacco seedlings will be published separately.)
The effect of CCC on "C-MVA incorporation into sterols and sterol precursors (Table II, Fig. 3 ) was slightly different from that of Amo 1618. It was also most potent as an inhibitor of incorporation into desmethylsterols, but the accumulation of radioactivity in squalene-2, 3-epoxide was considerably less. There was also a suggestion that, at low levels, CCC enhanced, rather than inhibited, sterol biosynthesis.
The pattern of incorporation of MVA in the presence of different levels of Phosfon D, differed slightly from that observed with the other two retardants (Table III, Fig. 4 ). Although desmethylsterol production was also strongly inhibited, methylsterol and dimethylsterol levels were elevated by low and middle concentrations of Phosfon D.
All of the above experiments were carried out with rootless seedlings under relatively low light intensity (300 ft-c). It was of importance, therefore, to determine whether intact seedlings under higher light intensity would respond in a similar manner. Under conditions comparable with those used in the following growth experiments, the effect of Amo 1618 on intact seedlings (Table IV) is similar though not identical with the retardant effect on rootless seedlings (Table I) . Methylsterol and dimethylsterol production is inhibited more strongly in rootless seedlings whereas squalene-2, 3-epoxide accumulation is less pronounced. Higher light intensity seems to decrease the Amo 1618 effect still further. However, in spite of the quantitative differences observed, it may be concluded that, at least with Amo 1618, the absence of the roots exerted little qualitative effect on the incorporation of "4C-MVA into sterols and sterol precursors in the above ground parts of the plant. On a similar basis, it can also be assumed that Amo 1618, and probably the other retardants, will affect sterol biosynthesis in the following growth experiments (with intact seedlings grown under 2000 ft-c) in essentially the same way they did in the above experi- retardants depressed growth and, in each case, increasing the retardant concentration increased the amount of growth inhibition. Furthermore, as with sterol-biosynthesis inhibition, the pattern of growth inhibition differs with each retardant. Phos- fon D is the most potent inhibitor of both desmethylsterol biosynthesis and growth, while CCC is the least effective inhibitor of both functions. Differences in length of effectiveness were also apparent among the three retardants.
When the effect of single doses of the retardants was assessed (Figs. 8, 9, and 10) (Fig. 7) than did a single 30-,ug dose (Fig. 10) (12, 13) .
Changes with time in the effects of the retardants on growth, make it impossible to correlate accurately the amount of inhi- An all important aspect of the current hypothesis on the mechanism of action of growth retardants is the ability of gibberellin to completely reverse the retardant-induced decreased growth rate (11 treated plants. ,B-Sitosterol can overcome completely the effect of the retardant on the stem growth of tobacco seedlings (Fig.  11) . Furthermore, not only /3-sitosterol, but also stigmasterol and cholesterol can restore full growth (Fig. 12) . Finally, when /3-sitosterol was applied to plants treated with different retardants, Amo-1618-and CCC-treated plants all showed normal stem growth patterns (Fig. 13) 1 ,ug (0), 3 ,ug (A), 10 if gibberellin can reverse the retardant effect, nothing else will be able to. The ability of GA3 to counteract retardation of growth induced by Amo 1618, CCC and Phosfon D was examined (Figs. 8, 9 , and 10), and GA3 was fully capable of completely reversing the effects of at least Amo 1618 and Phosfon D on growth. Thus, it is clear that tobacco seedlings are .... suitable material on which to use retardants . . ." (1 1). In spite of the apparent similarities between retardant effects on growth and on sterol production, causality, can be questioned seriously only if sterol production can be related positively to growth. We tested this relationship in the simplest manner, by applying sterol (/3-sitosterol) to Amo 1618- 
DISCUSSION
The experiments reported here had a two-fold aim: to examine with higher plants the relevance of the retardant-induced inhibition of sterol biosynthesis observed with rat liver systems (14, 18, 20) , and to assess the validity of the concept of causal- 'Significantly different from control at P = <0.01. (Fig. 4) . CCC, the least potent of the It seems possible that leaf growth and stem growth are controlled in different ways.
The relationship between retardant-induced inhibition of stem growth and inhibition of gibberellin biosynthesis is widely accepted and forms the basis of interpretation of many investigations of both retardant and gibberellin effects. However, several points arise from the present work which seriously question the universality of the above hypothesis: (a) there is an over-all similarity in potency between retardant effects on growth and sterol biosynthesis; (b) These findings indicate that the mechanism of growth-retardant action is still unresolved, and that there is a possible, and indeed promising alternative to complete dependence on the inhibition of gibberellin biosynthesis theory. Furthermore. an interesting and as yet unexplored aspect is the ability of added sterol to restore, but not exceed, the control rate of stem 21 23 retardants tested, causes inhibition of desmethylsterol production without appreciable accumulation of any particularly evident intermediate (Fig. 3) . CCC seems more active on tobacco seedlings than it was on cell-free rat liver preparations (15) . In general terms, however, the results indicate good correlation between retardant effects on sterol biosynthesis in cell-free rat liver preparations and tobacco seedlings. Tables I and IV show that the presence or absence of roots has little qualitative effect on Amo 1618-induced inhibition of sterol production in tobacco seedlings. The results also seem essentially unrelated to the intensity of incident irradiation. Since several reports (3) suggest that retardants applied as root drenches are more, less, or differently effective than foliar or tip application, it seems likely that the similarity reported here is a function of the specific plant examined. Little is known of the interrelationships of the different plant parts, or of the general mechanisms, in the control of sterol biosynthesis. For the purposes of this work, it seems reasonable to assume that, qualitatively, the results, particularly with desmethylsterols, with rootless and intact seedlings are comparable, as are the data obtained on growth and incorporation of MVA in higher and lower light intensities.
The effects of repeated applications of the retardants on tobacco seedlings leave little doubt that all three compounds retard stem elongation, and that the amount of retardation is dependent upon the concentration applied (Figs. 5, 6 , and 7). Each retardant is differentially effective, and the relationships between concentration and stem growth differ for the three compounds. Leaf growth was also assessed in these experiments, although the results are not presented. Single doses of retardants had no effect on either leaf length or width, while repeated doses inhibited both parameters. Contrary to the results with stem elongation, GA3 did not reverse the inhibition of leaf growth induced by multiple application of the retardant. 
